Light could interact differently with thin-film contaminants and particle contaminates because of their different surface morphologies. In the case of dry laser cleaning of small transparent particles, it is well known that particles could function like mini-lenses, causing a localized near-field hot spot effect on the cleaning process. This paper looks into a special, yet important, phenomenon of dry laser cleaning of particles trapped in micro-sized slots. The effects of slot size, particle size and particle aggregate states in the cleaning process have been theoretically investigated, based on a coupled electromagnetic-thermal-mechanical multiphysics modelling and simulation approach. The study is important for the development and optimization of laser cleaning processes for contamination removal from cracks and slots.
Introduction
Tiny particulate contaminants trapped in micro-slots and cracks are common residues in industrial manufacturing sectors [1] , which are difficult to remove by conventional cleaning techniques such as chemical and ultrasonic cleaning. In a dry system, Van der Waals force predominates for tiny particles with a particle size less than a few micrometres and electrostatic force predominates for large particles, i.e. greater than about 50 µm in size [2] . Laser cleaning has been considered as a promising technology that is environmentally friendly. In dry laser cleaning, pulsed-laser irradiation generally causes rapid thermal expansion of substrate within a short time duration, which produces a strong lifting force that could overcome Van der Waals force and gravity to eject the contaminants away from the substrate surface [3, 4] . This method was first attempted for cleaning of tiny particles from solid surface by Tam and Zapka et al [5, 6] . It is noted that tiny transparent particle contaminants interact with laser light differently with thin-film contaminants, and it is well known 3 Authors to whom any correspondence should be addressed. that small transparent particle contaminants could manifest unique near-field effects such as lens focusing [7] [8] [9] . Previous researchers have experimentally quantified the influence of the near-field effect in dry laser cleaning system, and found it depended on factors of laser wavelength, substrate and particle properties [10, 11] .
Meanwhile, the numerical simulation was employed to calculate the temperature gradient and distribution of energy intensity during the process of dry laser cleaning [12, 13] . Furthermore, Yang and Astratov verified the phenomena of regular attenuation of light intensity and alternate near-field focusing and defocusing effects in microspheres chain through experiments and software simulation [14] . However, until now there is no report in the literature on experiments or simulations about laser cleaning of a single particle or particle array trapped in micro-slot despite a number of publications about the particle-flat substrate system [15] [16] [17] .
In this paper, a multiphysics numerical model is developed to simulate a micro-slot laser cleaning process. A commercial finite integral technique (FIT) software package-CST Microwave Studio 2011 (CST) was used in the study. The FIT method has been applied to solving problems in Figure 1 . The geometric sketches of single (a), double (b) and triple (c) particle layouts for 1 µm diameter particle.
near-field optics previously. This method, proposed by Weiland, provides a universal spatial discretization scheme, applicable to various electromagnetic problems, ranging from static field calculations to high-frequency applications in time or frequency domain [18] . The electromagnetic intensity field distributions for varying slot widths and particle aggregate states were simulated and investigated relying on it. Laser energy flows, illustrated by Poynting vector field line plots [19] , are presented to visualize and understand the near-field focusing effect inside the micro-slots. The electromagnetic simulation results were used as the heat source and fed into the thermal module in CST. Corresponding transient temperature field distributions were then obtained. From the CST temperature fields, the cleaning forces and cleaning threshold were determined following a well-known thermal-mechanical model.
Simulation process

Modelling geometry and materials
The particle contaminants are assumed to be spherical and transparent in this study. The model deals with both single and multiple particles sitting at the bottom of a micro-slot. The length of micro-slot (the y-axis direction) was considered as infinity. The width of slot (x-axis direction) varied from 1 to 5 µm and the depth of the slot (the z-axis direction) varies between 2 and 8 µm (leaving a one sphere gap from the top). Two sizes of particle (diameter 1 and 2 µm) were investigated in this research, and the geometric sketches of single, double and triple particle layouts for 1 µm diameter particle are shown in figures 1(a)-(c), respectively.
In the study, a metallic substrate (gold) and spherical glass micro-particles were selected as the representative modelling system, as gold is used in many aspects of semiconductor manufacturing, particularly in the assembly or packing processes, and glass particle is representative for transparent residue after various manufacturing processes [1, 20] . Corresponding thermal and optical properties of these materials at 248 nm wavelength laser are summarized in table 1 [21] .
Laser source: temporal and spatial profile
The ultraviolet light irradiated by excimer laser provides higher emission current on the surface, which could enhance the cleaning effect [22] . For this reason, in this simulation, the laser source was considered to be linearly polarized (x-polarized) light irradiated by an excimer laser with rectangular flat top spatial profile, a wavelength of 248 nm and a pulse duration of 20 ns. The direction of beam was along the z-axis direction (top to down), as shown in figure 1 . The typical spot size is about several square millimetres which covers the whole area of the modelled structure uniformly in the xy-plane. The typically temporal Gaussian pulse shape for an excimer laser was used in the study [23] :
where I 0 (t), I 0 are the intensity of the incident beam at time t, and the peak intensity, respectively. The temporal shape factor is defined as β = 1, and pulse duration τ 0 = 20 ns. As CST can only accept electric field amplitude |E| as laser source input, the peak intensity value I 0 was converted to the amplitude of electric field E by [24] 
where cis the speed of light in vacuum, n the refractive index of the medium (air in present case) and ε 0 the vacuum permittivity. By considering that laser fluence (F 0 ) is related to peak intensity for a pulsed laser with [23] :
and combining (2) and (3), gives
which converts the laser fluence, often used by the laser processing community, to electric field amplitude |E| used by the CST software. 
Boundary conditions
Unlike most numerical methods, the basic idea of FIT is to apply the Maxwell's equation in integral form rather than the differential ones, which is given by [24] 
where ∂V and V are its boundary surface and any threedimensional volume, respectively, E is the electric field intensity, dA is the differential vector element of surface area A, Q(V ) is the net electric charge within the three-dimensional volume V , ε 0 is the permittivity of free space, B is the magnetic field density, ∂S and S are its boundary curve and any surface, respectively, dl is differential vector element of path length tangential to the path, ∂/∂t is the partial derivative with respect to time, s (B) and s (E) are the magnetic and electric flux through any surface S, respectively, µ 0 is the permeability of free space and I s is the net electrical current passing through the surface S. This change shows advantages due to high flexibility in geometric modelling and boundary handling as well as incorporation of arbitrary material distributions and material properties such as anisotropy, non-linearity and dispersion. To obtain better accuracy on solver Cartesian grids are employed to the current model [25] . Meanwhile, due to the fact that the software is only capable of handling finite size structures, the boundary conditions on the edge of model were defined as open boundary in both electric and thermal modules. The open boundary condition mimics the situation that materials at the computing boundaries extend themselves to the infinite space.
Results and discussion
Electromagnetic modelling: intensity fields in micro-slots
Figure 2(a) shows the normalized enhancement factor of intensity fields, defined as z-component of time-averaged Poynting vector I = Re(S z ), at the contacting point (Point A as in insets) of particle and substrate for single, double and triple layers of microspheres (diameter d = 1.0 µm) located inside different size micro-slots (width 1 < S < 5 µm). It can be seen that, regardless of the slot width, single layer particles produce a much stronger focus at the slot bottom surface than those by both the double and triple layers, and triple layers show a stronger focus than double layers. The slot width (S) has clear influences on the focusing fields. For a single layer (1P), intensity enhancement at the focal point is weak at narrow slot widths 1 µm < S < 1.4 µm. The intensity enhancement was boosted at slot width 1.4 µm < S < 3 µm with a resonance peak of 32 times of the incoming beam intensity forming at S = 1.8 µm and stabilized to about 26.6 (mean value) with a weak oscillation at slot width S > 3 µm. A similar tendency was observed for double layers (2P), with the intensity peak increasing at the slot width S = 2.2 µm, and being stabilized to about 7 at slot widths S > 3 µm. For the three layer particles (3P), more oscillations were seen within the investigated slot width range. The field intensity peak appeared at the slot width around S = 2.6 µm. To illustrate the field focusing effects at resonance peaks (P1, P2, P3), the corresponding 2D field distributions in both XZ-planes (across particle centre) and XY-planes (across point A) are presented in figures 2(b)-(g).
Similar to figure 2, figure 3 shows the results of electromagnetic simulation with exactly the same modelling settings and parameters except that the particle diameter was increased from 1 to 2 µm. The single layer particle of 2 µm diameter sphere ( figure 3(a) ) behaves similarly to a single 1 µm diameter sphere (figure 2(a)) with the main field enhancement within the slot width 2.4 µm < S < 3.6 µm. However, it should be emphasized that the near-field focusing effect of single particle layout for the 2 µm particle is much stronger than the 1 µm particle. The intensity for 2 µm particle is always above 30 with a maximum of 63.44 for the slot width S = 3 µm (P1 in figure 3(a) ). The curve stabilizes to around 40 at the end. For the double and triple layered particles, the graphs show peaks at S = 3.8 µm and S = 3.2 µm and gradually stabilize to about 5 and 3, respectively, along with the increase in the slot width. It is found that the stabilized values of double and triple layered 2 µm particles are lower than those for 1 µm particles, as shown in figures 2(a) and 3(a).
From figures 2(b) and 3(b), it is clear that the focusing point of single particle layout, which has the highest electric field intensity in the three layouts, is close to the substrate. Also, from figures 2(c) and 3(c), it can be seen that the highest intensity concentrates at the centre of the slot bottom, which forms the central highest peak, and the height of secondary peaks was found to be lower for the same size particle. These two aspects mean that a better near-field focusing effect was obtained in the single particle layout, which benefits laser cleaning and most of the material processing (micro/nano fabrication) applications [26, 27] . Conversely , the strongest focusing positions of both double and triple particle layout are observed on the intensity field in the XY plane for the cases of double and triple particle layouts. The light energy is not entirely focused to the position under the particles. Instead, it decentralizes and spreads in certain areas. The phenomenon is considered to be caused by the interference of particle array and Newton's rings effect [28] . For this reason it would be difficult for the substrate to absorb the focusing energy through the spheres in the multiple particle situations, supported by the fact that the energy intensity values for the multiple particle layouts are much lower than for the single particle layout, as shown in figures 2(a) and 3(a) . However, by observing distributions shown in figures 2(d), (f ) and 3(d), (f ), the substrate under the multiple particle layout may still be heated, but the cleaning effect would be weakened. It also demonstrates that the distribution of intensity and the full width at half maximum (FWHM) of the beam on the substrate can be controlled using different particle arrays, which could be useful for laser patterning applications. Figure 3(b) illustrates that the focusing range of 2 µm diameter particle is much wider than that of the 1 µm diameter one, and more light waves penetrate through the single particle layout, which results in a higher magnitude of intensity in figure 3(a) . On the other hand, based on the established literature [14] , it is known that light intensity attenuates through microsphere chain. And a larger particle accelerates the defocusing propagation and intensity attenuation in it, which could explain the fact that higher magnitude of intensity is observed on the slot bottom in figures 2(e), (g) compared with those in figures 3(e), (g).
A special phenomenon observed in the multiple particle layouts is that the near-field focusing and defocusing are alternating, with even number of particles producing a defocusing effect and odd number of particles giving a focusing effect at the bottom of the sphere. For the same size particles, the focusing effect initiated by an odd number of particles provides higher magnitude of intensity and energy level on the slot bottom compared with the defocusing effect of an even number of particles, as shown in figures 2(a) and 3(a). This phenomenon seems to be independent of the slot width. Generally, for the single particle layout the near-field focusing effect is the only optical interaction for this material and the sphere size and the focal position is at the bottom of the sphere. In the two particle layout, it is possible for the defocusing effect to happen at the bottom sphere. The defocusing effect is due to the fact that the light focused by the top sphere starts to disperse through the bottom sphere. When the third particle was added into the particle array, the light was focused to the substrate again through the third particle, despite the attenuation of intensity during the propagation. This phenomenon was also observed experimentally by Yang and Astratov [14] .
Electromagnetic modelling: energy flow visualization
To understand the influence of the slot width on the distribution of Poynting vector, the power flow of the single 1 µm diameter particle layout is presented in figure 4 . From figure 4(a) (slot width equals the diameter of the sphere), it can be noticed that there are four singular points located in the centre of the sphere. The phase trajectories in the vicinity of the singular points form the clockwise vortexes which are in the relatively low electric intensity areas. It is known that, phase trajectories of the system contain one and a half degree of freedom in the vicinity of singular points, and related clockwise vortex shape represents a stable focus in the phase space [29] . Also, power flow couples to the other planes through these singular points [30] . The inset in figure 4(a) illustrates the typical helical trajectories that 3D vortex couples energy into different planes. When the slot width is increased to 1.8 µm ( figure 4(b) ), the sphere has enough space to absorb more light than its diameter resulting in the intensity of electric field and the magnitude of Poynting vector on the substrate to be higher than for smaller slot dimensions. Due to the reflection or inference of light on the side walls, vortex trajectories and corresponding low intensity areas move closer to the sphere's lower boundary as shown in figure 4(b) . When the slot width increases to above 3 µm, the intensity on the substrate under the sphere approaches to a constant value as shown in figure 2(a) . In spite of changing positions of vortex to the upper part of the sphere, the sphere in a 3.2 µm wide slot still collects light from spaces wider than its diameter. As a result the intensity on substrate under the sphere is higher than that in the case of 1 µm slot width.
It can be summarized that the envelope of the light energy entering the particle is a limiting factor for the intensity at the bottom of the sphere, which could be wider than the diameter of the particle. The light intensity attenuates and couples to other phase planes through the vortex trajectories. When the vortex trajectories move to the sphere's lower boundary, electric intensity and corresponding magnitude of Poynting vector on the substrate is raised because of the sphere focusing effect.
Electromagnetic to thermal modelling: temperature fields
In this work, the electromagnetic field data were coupled to the thermal field for the analysis of temperature distributions. In this modelling, the laser fluence (0.2 J cm −2 ) and related temporal pulse shape (Gaussian pulse) and pulse lengths of 20 ns are loaded. Figure 5(a) shows the temporal temperature distribution on the substrate surface under the sphere for single-, two-and three-particle layouts of 1 µm diameter particle at widths corresponding to P1, P2 and P3 in figure 2(a) , respectively. From figure 5(a) , it is found that the substrate temperature of the single-particle layout is normally higher than those in the other two cases, which corresponds to the result of electromagnetic simulation. The higher magnitude of intensity on the slot bottom creates stronger substrate heating, and a peak temperature of 1928 K is achieved at 10 ns on the substrate. Also, due to the re-focusing effect of the third particle (shown in figure 2(f ) ), the peak substrate temperature of the three-particle layout (1462 K) is higher than for the twoparticle layout (1081 K). However, the peak temperatures of all three layouts are achieved at 10 ns and the temperature on the substrate returns to room temperature after 18 ns. The melting point of the gold substrate is 1337 K [21] . Therefore a laser beam with a fluence of 0.2 J cm −2 could damage the substrate in single-and three-particle layouts, but may be suitable for the two-particle layout cleaning. For laser cleaning, a much lower fluence would be needed for the single-and three-particle layouts. Figure 5 (b) describes the spatial temperature distribution of substrate along the x-axis of single-, two-and three-particle layouts at 10 ns (peak temperature time). The curve of the one-particle layout is nearly Gaussian distribution in shape. However, the curves of two-and three-particle layouts do not form a typical Gaussian distribution because of interference of particle array and Newton's rings phenomenon, though they have obvious peaks in the centre.
Thermal to mechanical modelling: cleaning thresholds
Due to the short pulse laser irradiation, there is a rapidly increasing temperature gradient on the substrate. This sudden increase in temperature generates a cleaning force which ejects particles from the substrate surface. The equation of dry laser cleaning force per unit area, f l , is given by [31] 
where γ and E s are the linear thermal expansion coefficient and the elastic modulus of the substrate, respectively. T(0, t) is the temperature rise at the substrate surface and time t, which is given by T (0, t) = T (0, t) − T 0 , where T 0 is the initial temperature at substrate surface. In this study, T(0, t) initiated by multiple laser fluences is calculated by the thermal module in CST 2011. The cleaning force can be obtained by calculating the contact area between particle and substrate, which relates to the dominant adhesion force-Van der Waals force, F v , which is expressed by the following equations [2] :
where, r, h and z are the particle radius, the material-dependent Liftshitz-Van der Waals constant and the atomic separation between the particle and surface, respectively. Assuming Van der Waals force is the main adhesion force applied to the particle, radius of contact area, a, and elastic depth, d, are deduced by the following equations [22] :
where E * is the elastic modulus of two bodies, which is given by 1
Where E 1 , E 2 and v 1 , v 2 are the elastic modulus and Poisson's ratios associated with each part, respectively. Thus, the cleaning force initiated by laser, F c , is expressed by the following equation:
Its direction is opposite to the Van der Waals force and gravity of particles. For removal of the tiny particles in micro-slot the cleaning force, F c , must be larger than the main adhesion force-Van der Waals force, F v , which is millions of times larger than gravity of particle by calculation. For this reason, it is found that the number of particles in the layout is only able to influence the gravity of the particles' chain, whose effect on the adhesion force is extremely restricted. Conversely, the size of particles (particle radius, r) controls the magnitude of dominant adhesion force-Van der Waals force by equation (10) . For obtaining preconditions of cleaning, F c > F v , related cleaning force generated from laser also depends on it. Therefore, the cleaning threshold in this study is the minimum input laser energy density required to generate enough cleaning force to overcome Van der Waals force and eject the particles from the surface. The damage threshold is defined as the minimum input laser energy to cause surface damage. The damage in this study is assumed to be only caused by thermal reason. The complicated mutual surface stresses between particle and substrate are ignored in the model. In this case, the surface temperature should not be above the melting point of the substrate. If it is, the surface is considered as damaged and not allowed. Based on the above equations and the numerical model, the cleaning and damage thresholds for 1 µm and 2 µm diameter particles under different layouts are presented in tables 2 and 3, respectively. The values of Van der Waals force used for tables 2 and 3 are 0.179 × 10 −6 N and 0.359 × 10 −6 N, respectively. It is shown that for the single-particle layout the cleaning and damage thresholds for the 1 µm diameter particle (table 2) are obviously higher than those for 2 µm diameter particle (table 3) due to the relatively weaker near-field focusing effect and corresponding temperature rise. However, for the double-and triple-particle layouts the cleaning and damage thresholds for the 1 µm diameter particle (table 2) are lower than for 2 µm diameter particle (table 3) , which is caused by the fact that 2 µm diameter particle provides the stronger defocusing effect and the light intensity gradually attenuates and becomes weak on the substrate. Meanwhile, it is realized that for the same size particles the cleaning and damage thresholds of single-and triple-particle layouts are lower than for the two-particle layout, which corresponds to the simulation results of electromagnetic fields, as shown in figures 2(a) and 3(a). It proves that the near-field focusing effect initiated by various particle layouts plays a very important role in the dry laser cleaning system, which needs to be concerned with the measurement of cleaning and damage thresholds. Finally, it is worth mentioning that optical near-fields could be strongly influenced by the factors such as particle shape, transparency, substrate material [10, 32, 33] , and it would be interesting to study non-spherical or nanotransparent contaminants trapped in micro-slots in the future work.
Conclusions
We have explored the fundamental physics behind dry laser cleaning of particle contaminants trapped in microslots. The multiphysics electromagnetic-thermal-mechanical coupled numerical models have revealed several important physical effects. The magnitudes of field intensity on substrate in certain range of slot width could be elevated by about 25% for 1 and 2 µm diameter particles, and their energy distributions on the slot bottom were influenced by particle layouts. The transparent spheres could induce the formation of vortex phase trajectories on the laser flow lines, and partial laser power could couple to the other planes of media through these singular points, which affects the focusing effect of the particle. The coupled temperature field calculation has revealed enhanced temporal and spatial heating scenario of the substrate beneath different particle layouts, and corresponding surface cleaning and damage thresholds were finally determined.
